It has previously been reported that in the cell wall peptidoglycans from Bacillus cereus and some other bacilli, considerable proportions of glucosamine residues have free, N-unsubstituted amino groups and that the occurrence of the Nunsubstituted glucosamine residues is responsible for the resistance of these cell walls to lysozyme (1, 3, 8) . Further investigation showed that B. cereus cell walls with N-unsubstituted glucosamine residues are also resistant to other cell wall-lytic glycosidases. On the other hand, autolytic endo-N-acetyhnuramidase and endo-Nacetylglucosamninidase have been found in different bacteria and are believed to participate in some cellular functions, such as cell growth, cell division, and transformation (5) . Therefore, it seemed likely that B. cereus cells have a particular autolytic glycosidase active on the peptidoglycan with N-unsubstituted glucosamine residues. The present paper reports the occurrence in these bacteria of a novel glycosidase, an endoglucosaminidase which hydrolyzes the glycosidic linkages of N-unsubstituted glucosamine in cell wall peptidoglycan. A preliminary communication describing part of this work has appeared (12) .
MATERIALS AND METHODS Bacteria and cell walls. The strains and growth of bacteria, including B. cereus, Bacillus subtilis, Bacillus megaterium, Micrococcus lysodeikticus, Lactobacillus arabinosus, Streptococcus faecalis, Staphylococcus aureus, and Escherichia coli, were the same as those described previously (8) . B. cereus AHU1356, furnished by S. Takao, Hokkaido University, was used in most experiments. The cell walls of B. cereus AHU1356 and other bacteria were prepared in a procedure involving denaturation of autolytic enzymes by heating and sodium dodecyl sulfate treatment as described previously (8) . Peptidoglycan preparations were obtained by mild acid treatment of the cell walls (8) . N-acetylation of cell walls and peptidoglycan was carried out with acetic anhydride in an NaHCO3 solution as described previously (8) .
Preparation of autolytic enzyme. B. cereus AHU1356 cells harvested from 1 liter of culture at the late-exponential phase were suspended in 20 ml of 20 mM Tris-hydrochloride (pH 7.2) and treated at 00C in a 10-kHz sonic oscillator for 5 Assay of enzyme activity. The standard reaction mixture, containing 0.3 mg of purified cell walls as substrate, 20 mM Tris-hydrochloride (pH 8.2), and enzyme in a total volume of 0.5 ml, was incubated at 370C. In some experiments, 50 mM N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid-sodium hydroxide at various pH values was used instead of Tris-hydrochloride. The cell wall-lytic activity was assayed by measuring the decrease in the absorbance at 500 nm (turbidity measurement). One unit of the lytic activity was defined as the amount that gives 50% decrease in the turbidity per hour. The glycosidase activity was determined by measuring the amount of liberation of the reducing group (3) . The N-acetylmuramyl-L-alanine amidase and peptidase activities were assayed by the method of dinitrophenylation (6) .
Determination of reducing terminal hexosamine residues liberated on digestion of peptidoglycan. The cell wall peptidoglycan of B. cereus AHU1356 (4 mg) was incubated with 100 pl of the autolytic enzyme preparation in 5 ml (final volume) of 20 mM Tris-hydrochloride (pH 8.2). After 24 h, 50 pl of the enzyme preparation was added, and incubation was continued for an additional 24 h. The mixture was then lyophilized and treated for N-acetylation as described previously (3) . One-half of the N-acetylated preparation was reduced in 1 ml of 0.5 M NaBH4 for 3 h at room temperature, hydrolyzed in 4 N HCI at 1000C for 12 h, and analyzed for amino sugars and amino alditols in an amino acid analyzer (3 Other materials and methods. Lysostaphin, Streptomyces griseus chitinase, and barley ,B-amylase were purchased from Schwarz/Mann, ICN Pharmaceuticals, and Sigma Chemical Co., respectively. S. griseus F2 enzyme was kindly provided by D. Tsuru (17) . Chitin and glycol chitosan were obtained from Wako. Glycol chitin was prepared from glycol chitosan by N-acetylation (2) . Colloidal chitin was prepared according to Jeuniaux (11) . The treatment of peptidoglycan with hydrazine hydrate was carried out as described by Hara and Matsushima (7) . Reducing groups were assayed by the method of Park and Johnson (14) with N-acetylglucosamine as a reference standard. Other materials and methods were the same as those described previously (3, 8) .
RESULTS Sensitivity of B. cereus cell walls to walllytic glycosidases. To examine sensitivity of the lysozyme-resistant cell walls of B. cereus AHU1356 to other wall-lytic glycosidases, the liberation of the reducing group was measured during incubation of either the N-acetylated or the untreated, non-N-acetylated, preparation of purified cell walls of this strain with each of lysostaphin, crude barley f)-amylase, and two glycosidase preparations from S. griseus, chitinase and F2 enzyme (17) . Lysostaphin is known to have endo-N-acetylglucosaminidase activity (4) , and the /1-amylase preparation is known to have both endo-N-acetylmuramidase and endo-N-acetylglucosaminidase activities (10), whereas the S. griseus enzymes have been reported to exhibit endo-N-acetylmuramidase activity (15, 17) . All of these glycosidase preparations could thoroughly digest the glycan chain of the Nacetylated cell wall preparation which contained 360 nmol of the peptidoglycan disaccharide units per mg (3) (Fig. 2) . The cell wall-lytic enzyme was recovered from the supernatant by precipitation at (NH4)2SO4 concentrations between 35 and 75% saturation and used as the autolytic enzyme preparation. The maximum amount of wall-lytic activity was obtained from the cells harvested at the late exponential phase (Fig. 3) . Although the majority of this activity (70%) was found in the autolysate of the 20,000 x g precipitate fraction, a small portion of the activity (30%) was also found in the 20,000 x g supernatant fraction, but no activity was detected in the culture medium.
During incubation of the autolytic enzyme preparation with B. cereus cell walls, liberation of reducing groups as well as N-termiinal alanine release was observed (Fig. 4) . After prolonged incubation, the reducing group liberation reached about 250 nmol/mg of cell walls. This result suggests that in the enzyme preparation a glycosidase capable of digesting the cell walls with N-unsubstituted glucosamine residues was present along with N-acetylinuramyl-L-alanine amidase. Similar kinetics of reducing group liberation and N-terminal alanine release were obtained with either the peptidoglycan preparation or the N-acetylated preparation of B. cereus cell walls as substrate (Fig. 4) .
Determination of reducing terminal hexosamine residues liberated on digestion of peptidoglycan. The products from digestion of the cell wall peptidoglycan preparation of B. cereus AHU1356 with the wall-lytic enzyme were analyzed after reduction with NaBH4 as described in Materials and Methods. The data in Table 1 show that only glucosamine residues were at the reducing termini of the saccharide fragments in the digest. The value of glucosaminitol appears to be somewhat small compared with the value of the reducing group liberation NaBH4 followed by acid hydrolysis revealed that the glucosamine component is completely at the reducing end. Either intact or N-acetylated compound I was completely insensitive to exo-,B-Nacetylglucosaminidase. Dinitrophenylation followed by acid hydrolysis gave N-(2,4-dinitrophenyl)glucosamine in an amount corresponding to 1 mol/mol.
Analysis of acid hydrolysates of N-acetylated compound II gave muramic acid and glucosamine in an equimolar proportion, whereas acid hydrolysis of acetylated compound II after reduction with NaBH4 yielded muramic acid, glucosamine, and glucosaminitol in a molar ratio of 2:1:1. The data suggest that compound II is a tetrasaccharide with a glucosamine residue at the reducing end. Furthermore, acid hydrolysis of compound II yielded disaccharide glucosaminyl-muramic acid, muramic acid, and glucosamine in a molar ratio of 1:1:1, whereas acid hydrolysis of this compound subsequent to reduction with NaBH4 gave the same disaccharide, muramic acid, and glucosaminitol in a molar ratio of 1:1:1. Since glycosidic linkage of N-unsubstituted glucosamine is resistant to acid hydrolysis, this result, in conjunction with the paper electrophoretic and paper chromatographic behavior of compound II and its N-acetylation product, led to a conclusion that compound II is most probably MurNAc-GlcN-MurNAc-GlcN. The N-unsubstitution at both the glucosamine residues was confirmed by analysis of the dinitrophenylation product. In addition, on prolonged incubation with an excess of the autolytic enzyme preparation, compound II was cleaved into material indistinguishable from compound I by paper chromatography or paper electrophoresis.
The above result indicates that the glycosidase in the autolytic enzyme preparation hydrolyzed the glycan chain of the peptidoglycan at the glycosidic linkages of N-unsubstituted glucosamine. On the other hand, major saccharide fragments resulting from digestion ofthe N-acetylated peptidoglycan preparation with the same enzyme preparation were also isolated and characterized as N-acetylmuramyl-N-acetylglucosamine (MurNAc-GlcNAc) and MurNAcGlcNAc-MurNAc-GlcNAc in procedures similar to those described above. Thus, it is evident that the enzyme preparation possessed both endo-,fglucosaminidase and endo-,8-N-acetylglucosaminidase activities.
Specificity of autolytic glycosidase for substrate. The autolytic glycosidase of B. cereus AHU1356 acted also on the cell wall preparations from B. cereus AHU1355 and T and more weakly on the preparation from M. lysodeikticus ATCC 4698 (Table 3 ). The cell walls of these two B. cereus strains, just as those of strain AHU1356, have peptidoglycan components that are N-unsubstituted at more than 90% of their glucosamine residues and scarcely susceptible to lysozyme. Although other examined cell wall preparations which are sensitive to lysozyme and N-unsubstituted at less than 30% of glucosamine residues in their peptidoglycan moieties were all insensitive to the autolytic glycosidase, they became sensitive to the same enzyme preparation after removal of mild acidlabile components. These results suggest that the sensitivity of cell walls to the autolytic glycosidase may be affected by mild acid-labile components such as teichoic acid (B. cereus AHU1030), teichuronic acid (M. lysodeikticus), and polysaccharides and that some other factors may be responsible for the insensitivity of L. arabinosus cell walls to the enzyme. In contrast, the glycosidase was completely inactive toward a glycan preparation resulting from hydrazine treatment of peptidoglycan and toward derivatives of chitin and chitosan.
Properties of glycosidase. Some properties of the glycosidase were studied with B. cereus AHU1356 cell walls as substrate. The optimum pH of the glycosidase activity in 20 mM Trishydrochloride was 7.8 to 8.4. The apparent Km for the cell walls was 0.84 mg/ml (about 0.3 mM as disaccharide units). CoCl2 at 1 mM concentration stimulated the glycosidase activity by 110% and each of MgCl2, BaCl2, and CaCl2 by 20 to 50%, whereas NiCl2 at 0.1 mM almost completely inhibited the activity, and LiCl (or NaCl) (Table 4) , but it was not detected in the preparations from other bacterial species. Whereas the glycosidase in the preparations from three B. cereus strains appears to prefer as substrate the intact cell walls with N-unsubstituted glucosamine residues rather than the Nacetylated cell walls, the enzyme from the other B. cereus strain, AHU1030, appears to prefer the N-acetylated cell walls. This suggests the occurrence in these strains of two or more wall-lytic glycosidases that are different in specificity for substrate peptidoglycan. Even in strain AHU1356, there may be two wall-lytic glycosidases, e.g., one specific for unsubstituted glucosamine residues and another specific for N-acetylated glucosamine residues. 
DISCUSSION
The results from the present investigation reveal the occurrence of a specific autolytic glycosidase which hydrolyzes the glycan strands of cell wall peptidoglycan at the glycosidic linkages of N-unsubstituted glucosamine residues. When the cell wall peptidoglycan of B. cereus AHU1356 was incubated with the autolytic enzyme preparation, only glucosamine was detectable as reducing terminal groups. The yields of compounds I and II accounted for the majority of the disaccharide units of dialyzable saccharide fragments in the peptidoglycan lysate. Fraction III gave reducing material (0.4 ,umol) which remained at the origin on paper electrophoresis in buffer A. This material appeared to be hexa-or octasaccharides or both. Other small saccharide fragments, such as monosaccharides, GlcNMurNAc, and GlcN-MurNAc-GlcN-MurNAc, could not be detected in the dialyzable fraction.
Therefore, the endo-fl-glucosaminidase seems to be responsible for the autolytic digestion of the glycan chain of cell wall peptidoglycan in this strain.
The autolytic enzyme preparation also exhibited an endo-,f-N-acetylglucosaminidase activity. Thus, as indicated in Table 3 , the cell wall peptidoglycans of most bacterial species appear to be hydrolyzed by this enzyme preparation, regardless of their contents of N-unsubstituted glucosamine residues. However, at present it is unknown whether or not a single enzyme is responsible for both the endo-,8-glucosaminidase and endo-,l-N-acetylglucosaminidase activities in this preparation. Attempts to separate the two activities in the autolytic enzyme preparation from strain AHU1356 have been unsuccessful.
The wall-lytic enzyme preparation could not hydrolyze glycol chitosan, glycol chitin, or colloidal chitin. This fact indicates that the endo-,8-glucosaminidase of this strain differs from microbial chitosanase which is capable of hydrolyzing the glycosidic linkages of polysaccharides with free amino groups (9, 13, 16) . It is noted that the glycan preparation resulting from hydrazine treatment of peptidoglycan was insensitive to the autolytic glycosidase even when tested after N-acetylation. The hydrazine treatment causes removal of the peptide moieties, converting the muramic acid residues into a hydrazide form. The insensitivity of the hydrazine-treated peptidoglycan may suggest that either the peptide moieties or the free carboxyl groups of the muramic acid residues are important in a substrate for the glycosidase. Further studies on the separation and characterization of the glycosidase and amidase in the autolytic enzyme preparation are in progress.
